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ABSTRACT
We study the behavior of the dynamical and stellar mass inside the effective radius
of early-type galaxies (ETGs) as a function of environment considering Newtonian
dynamics, different surface–brightness profiles, different initial mass functions (IMF)
and different redshift ranges. We use several samples of ETGs –ranging from 19,000
to 98,000 objects– from the ninth data release of the Sloan Digital Sky Survey. We
assume that any difference between the dynamical and stellar mass is due to dark
matter and/or a non-universal IMF. The main results, considering samples in the
redshift range 0.0024 6 z 6 0.35 are: (i) the amount of dark matter inside ETGs
depends on the environment; (ii) ETGs in low density environments span a wider dark
matter range than ETGs in dense environments; (iii) the amount of dark matter inside
ETGs in the most dense environments will be less than approximately 55%–75% of
the dynamical mass; (iv) the accurate value of this upper limit depends on the impact
of the IMF on the stellar mass estimation; (v) in the case of an ETGs sample which is
approximately complete for log(MVirial/MSun) > 10.5 and in the redshift range 0.04
6 z 6 0.08 we find that the amount of dark matter in the most dense environments
will be less than approximately 60%–65% of the dynamical mass.
Key words: Galaxies: fundamental parameters. Galaxies: photometry, distances and
redshifts. Cosmology: dark matter.
1 INTRODUCTION
The present paper studies the amount of dark matter inside
the effective radius of ETGs as a function of environment,
within the hierarchical Λ cold dark matter (ΛCDM) sce-
nario (Navarro, Frenk & White 1996; Bullock et al. 2001;
Maccio`, Dutton & van den Bosch 2008). This scenario
tells us that galaxies form inside halos of dark matter
⋆ E-mail: anigoche@gmail.com
(DM). The amount of DM found inside the effective radius
(re) of any galaxy may be considered as the central part
of the DM halo which was originally at that position.
This might have been affected by the galaxy formation
process and by gravitational interactions with the matter
that goes into forming the central parts of a galaxy. We
know that many of the galactic properties we observe
today are due to the way in which the halo increases
its mass. This process is usually described as the halo’s
mass aggregation history (MAH; Maulbetsch et al. 2007).
c© 2018 The Authors
2 Nigoche-Netro et al.
The MAH leaves its mark on both the halo and the
galaxy, for example on the star formation rates (SFRs)
and gas infall in disc galaxies (A´vila-Reese & Firmani
2000; Murali et al. 2002; van den Bosch 2002), and
on the morphology of galaxies (Kauffmann et al.
1993; Baugh et al. 1996; Sommerville & Primack 1999;
Cole et al. 2000; Granato et al. 2001; Springer et al. 2001;
Steinmetz & Navarro 2002; Maller et al. 2006).
There is no doubt that galaxy formation is one of the
most pressing issues in modern astrophysics, and though
theoretical models of this phenomenon exist (e.g., Gott
1977; van der Kruit & Freeman 2011; Sommerville & Dave´
2015 and references therein), observational data help to
establish a plausible set of scenarios in which galaxies
form. Surveys such as the Sloan Digital Sky Survey (SDSS;
e.g., Abazajian et al. 2003, 2009; Adelman-McCarthy et al.
2008), and the UKIRT Infrared Deep Sky Survey (UKIDSS;
Lawrence et al. 2007) have provided many high-quality ob-
servational data sets that have permitted the better un-
derstanding of individual galactic properties, as well as
their properties as a class of entities, such as the scaling
relations (Fundamental Plane, Kormendy, Faber–Jackson
and Tully-Fisher Relations; e.g., Djorgovski & Davis 1987;
Dressler et al. 1987; Kormendy 1977; Faber & Jackson 1976;
Tully & Fisher 1977).
The dependence of galaxy properties on their sur-
rounding environment has been addressed in many
papers (e.g., Dressler 1980; Postman & Geller 1984;
Whitmore et al. 1993; Domı´nguez et al. 2002; Goto et al.
2003; Nigoche-Netro et al. 2007), in particular, the depen-
dence of Star Formation Rate (SFRs) and colours (e.g.,
Go´mez et al. 2003; Blanton et al. 2003; Hogg et al. 2004;
Kauffmann et al. 2004; Tanaka et al. 2009; Croton et al.
2005 and references therein). One of the main correlations
found in these studies is that the morphological mix of spi-
rals and ellipticals (meaning the relative numbers of different
types of galaxies) changes depending on the environment’s
density.
Many studies have concentrated on ETGs since they
present a number of properties (old stellar population,
low gas fraction, and no or very little star formation) that
makes them a homogeneous group suitable for studying
their evolution as a function of time, or equivalently as a
function of redshift (z). ETGs obey the Fundamental Plane
Relation (Djorgovski & Davis 1987; Dressler et al. 1987),
for which the coefficients determined from observations
differ from those expected theoretically. This result has been
interpreted by Dressler et al. (1987) as a possible variation
of the mass to light (M/L) ratio as a function of total
luminosity and/or total mass. This variation may be caused
by a different amount of DM content in each early-type
galaxy, therefore, many research groups have attempted
to measure the DM contents of ETGs (see Ciotti et al.
1996; Busarello et al. 1997; Graham & Colless 1997;
Prugniel & Simien 1997; Trujillo, Burkert & Bell 2004;
Cappellari et al. 2006; D’Onofrio et al. 2006; Graves 2009;
Tortora et al. 2009; La Barbera et al. 2010b; Tortora et al.
2012; Nigoche-Netro et al. 2015, 2016; Tortora et al. 2018
among others). The DM content of the central parts
of ETGs (within re) have been measured for nearby
samples using various techniques (Padmanabhan et al.
2014; Cappellari et al. 2006; Hyde & Bernardi 2009a;
Tortora et al. 2009; Napolitano, Romanowsky & Tortora
2010; Tortora et al. 2012b, 2018), and for samples at
intermediate redshift using the technique of gravita-
tional lensing (Cardone et al. 2009; Auger et al. 2010b;
Cardone & Tortora 2010; Tortora et al. 2010; Faure et al.
2011; More et al. 2011; Posacki et al. 2015).
Observational estimates of the amount of DM within re
appear to indicate that DM haloes are cuspy (Thomas et al.
2009; Napolitano, Romanowsky & Tortora 2010) and, inde-
pendently of the galaxy mass distribution, the DM amount
tends to increase with velocity dispersion, size, stellar mass,
and luminosity of the galaxy (Ferreras, Saha & Williams
2005; Cappellari et al. 2006; Forbes et al. 2008;
Tortora et al. 2009; Napolitano, Romanowsky & Tortora
2010; Auger et al. 2010b; Leir et al. 2011; Tortora et al.
2010; Nigoche-Netro et al. 2016), in agreement with
theoretical predictions of the DM fraction (fDM ) in
central regions of galaxies (Ruszkowski & Springel 2009;
Hilz, Naab & Ostriker 2013; Wu et al. 2014).
In contrast with the results of Thomas et al.
(2009) and Napolitano, Romanowsky & Tortora (2010),
Trujillo, Burkert & Bell (2004) reached the conclusion
that the amount of DM within re does not depend on
the galaxy properties. However, the total stellar-to-dark
matter mass ratio depends strongly on the mass of the
galaxy and also may be connected to the total star for-
mation efficiency (Benson et al. 2000; Marinoni & Hudson.
2002; Napolitano et al. 2005; Mandelbaum et al. 2006;
van den Bosch et al. 2007; Conroy & Wechsler 2009;
Moster et al. 2010; Alabi et al. 2016). There are, however,
anticorrelations of fDM with mass that have been found
by Grillo et al. (2009), Grillo (2010), and Grillo & Gobat
(2010). These results may indicate that the amount of DM
within re correlates with the baryonic mass of a galaxy,
however this apparent fDM trend with mass could disappear
completely if a non-universal IMF is used (Thomas et al.
2011; Tortora et al. 2013; Nigoche-Netro et al. 2016). It is
important to mention that the IMF is the most important
source of uncertainty in the calculation of the relative
amounts of stellar and DM mass, in the central regions of a
galaxy (Tortora et al. 2018).
Tortora et al. (2018) studied the fDM within re of a
sample of 3800 well-observed galaxies from the Kilo Degree
Survey (KiDS) up to z ∼ 0.65. They found that fDM (within
re) correlated with structural parameters, mass, and central
stellar density indicators, and showed that at larger redshifts
(up to z ∼ 0.65) the local correlations were still observed. At
fixed total stellar mass (MStar), the amount of DM seems
to be smaller for galaxies at higher redshifts as mentioned
previously.
MNRAS 000, 1–15 (2018)
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Tortora et al. (2012b) performed an analysis of the
amount of DM inside re in ETGs. They used approximately
4500 ETGs from the SDSS and supplemented their data with
Y JHK photometry from the DR2 of the UKIDSS-Large
Area Survey. They found that fDM increased steeply as a
function of re, Se´rsic index, velocity dispersion (σ), stellar
mass, and dynamical mass. Galaxies with denser stellar cores
appeared to have smaller amounts of DM inside re. They also
found that the central DM content of ETGs did not depend
significantly on the environment where galaxies resided, with
group and field ETGs having similar DM trends. On the
other hand, Corsini et al. (2017) analysing a small sample
of ETGs in low density environments found that they have
a lower content of halo dark matter with respect to ETGs
in high-density environments.
Nigoche-Netro et al. (2015) studied several samples of
relatively nearby ETGs (0.0024 < z < 0.3500) taken from
the SDSS-DR9. They measured the amount of dynamical
mass (MVirial) and stellar mass (MStar) within one re con-
sidering Newtonian dynamics, virial equilibrium, different
surface-brightness profiles, different IMFs, and different red-
shifts. They established that any difference betweenMVirial
andMStar was due to the presence of DM, or a non-universal
IMF, or both. They found that using linear fits to the
distribution of galaxies in the plane log(MVirial/MSun) -
log(MStar/MSun) in order to obtain an estimation of the
mean values of the DM was not a reliable method because
this distribution had a high intrinsic dispersion and this in-
trinsic dispersion could depend on several variables such as
mass, wavelength, environment and/or redshift. An approxi-
mation to the dependence of the DM on the above-mentioned
variables was made in Nigoche-Netro et al. (2016). They
found that ETGs cover a wide range of the amount of DM
inside them, which goes from almost 0 to approximately 70
per cent of the dynamical mass, with the mass and redshift
responsible for this behaviour. Besides, their results indi-
cated that the amount of DM increased as a function of
dynamical mass and decreased as a function of redshift. The
latter result is in agreement with the work of Beifiori et al.
(2014), Tortora et al. (2014) and Tortora et al. (2018) who
found that high-z ETGs have smaller amounts of DM than
the local ETGs.
We can see that there are only a few papers in the liter-
ature that address the question of the DM inside re of ETGs
as a function of the environment. Therefore, in the present
paper we will address the behaviour of the DM as a function
of the environment where the galaxies reside. We will also
compare our results with those few papers where this issue
is analysed.
It is important to note that in this paper the dif-
ference between dynamical and stellar mass, defined as
log(MVirial/MSun) - log(MStar/MSun), was obtained con-
sidering an universal (constant) IMF (see section 3). This
difference between dynamical and stellar mass can be used
to calculate the DM fraction –fDM– and it may be used to
compare with other results from the literature, if and only
if, an universal IMF is used in the calculation of the fDM .
This paper is organised as follows. In section 2 we
present our sample of galaxies and the method by which it
was selected. In section 3 we calculate the stellar and virial
masses of the galaxies in our sample. Section 4 analyses pos-
sible systematic errors. In section 5 we discuss our findings
and finally in section 6 we present our conclusions.
2 THE SAMPLE OF ETGS
We use a sample of approximately 98000 ETGs from SDSS-
DR9 (York et al. 2000) in the g and r filters. The galaxies
are distributed over a redshift interval 0.0024 < z < 0.3500.
This sample will be called hereafter, the “Total–SDSS–
Sample”. The selection criteria are the same we used in ear-
lier papers, for full details see Hyde & Bernardi (2009a), and
Nigoche-Netro et al. (2010).
Selecting only ETGs from the morphological classifica-
tion of the Zoospec catalogue (Lintott et al. 2008) and con-
sidering our selection criteria the sample is reduced to ap-
proximately 27,000 ETGs. The galaxies with this added cri-
terion have a higher probability of being ETGs. This sample
shall be referred to as “Morphological–SDSS–Sample”. In
addition, if we want to control possible streaming motions,
redshift bias, and evolutionary effects, we have to compile
a relatively nearby and volume-limited sample. The redshift
range 0.04 6 z 6 0.08 corresponds to a volume that fits
these characteristics (Nigoche-Netro et al. 2008, 2009). The
resulting sample contains approximately 19 000 ETGs. This
sample is approximately complete for log(MVirial/MSun) >
10.5 (Nigoche-Netro et al. 2010, 2011). We shall refer to it
as the “Homogeneous–SDSS–Sample”.
The photometry and spectroscopy of the galaxy samples
drawn from the DR9 have been corrected for different biases
and are the same that we have used in previous papers, see
Nigoche-Netro et al. (2015) for full details.
3 THE STELLAR AND VIRIAL MASS OF THE
ETGS
3.1 The stellar mass
The total stellar or luminous mass was obtained considering
different stellar population synthesis models, an universal
IMF (Salpeter or Kroupa), and different surface–brightness
profiles (de Vaucouleurs or Se´rsic; see Nigoche-Netro et al.
2015 for details). These methods result in three mass esti-
mations.
• de Vaucouleurs Salpeter–IMF stellar mass. This mass
was obtained considering a de Vaucouleurs profile and an
equation for stellar mass–to–light (M/L) ratios (Bell et al.
2003) obtained from fits of optical and near–infrared galaxy
data with simple stellar population synthesis models and a
MNRAS 000, 1–15 (2018)
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“diet” Salpeter IMF. The used “diet” Salpeter stellar IMF
has the same luminosity and colours as a normal Salpeter
IMF, but with only 70% of the mass due to a lower number
of faint low-mass stars. We used the following equation from
Bell et al. (2003):
M
L
= 10ag+bg(Mg−Mr ), (1)
where L is the luminosity and M is the stellar mass, Mg
and Mr are the magnitudes in the g and r filters, respec-
tively, and ag and bg are scale factors.
• Se´rsic Salpeter–IMF stellar mass. This mass was
obtained considering Se´rsic parameters and a Salpeter
IMF using equation 1. The Se´rsic parameters were ob-
tained from Petrosian parameters using the methodology of
Graham et al. (2005)
• Kroupa–IMF stellar mass. This mass was calcu-
lated by the MPA–JHU group (Kauffmann et al. 2003;
Brinchmann et al. 2004; Tremonti et al. 2004) considering
model magnitudes, a universal Kroupa IMF, Bayesian
methodology, and model grids described in Kauffmann et al.
(2003). These stellar masses were obtained from the MPA–
JHU site1. These masses also can be obtained from the GAL-
SPEC catalogue of the SDSS–DR9 2.
It is important to mention that these masses are total
masses. Due to the fact that our goal is to analyze only the
mass inside re we take into account that within a sphere
of radius re only contains 42% of the total stellar mass
(Schulz et al. 2010).
3.2 The dynamical mass
The total dynamical or virial mass was obtained using an
equation from Poveda (1958). This method assumes New-
tonian mechanics and virial equilibrium for the galaxies in
question. The equation is as follows:
MVirial ∼ K(n)
reσ
2
e
G
, (2)
where the variables MVirial, re and, σe represent the
total virial mass, the effective radius and the velocity disper-
sion inside re, respectively. G is the gravitational constant
and K(n) is a scale factor that depends on the Se´rsic index
(n) as follows (Cappellari et al. 2006):
K(n) = 8.87 − 0.831n + 0.0241n2 , (3)
Equation 2 considers an idealised situation and does not
take into account possible effects on the dynamical mass
estimations of ETGs due to environment, shape, rotation
1 http : //www.mpa− garching.mpg.de/SDSS/
2 http : //www.sdss3.org/dr9/algorithms/galaxympajhu.php
and velocity dispersion anisotropies. In sections 4 and 5 we
will discuss these effects.
The amount of mass within an effective radius also cor-
responds to 0.42 times the value calculated from equation 2.
This mass may or may not be luminous.
Here we should mention that the estimations of the
dynamical mass in previous works by Nigoche-Netro et al.
(2015, 2016) were made considering a scale factor K(4) =
5.95 (de Vaucouleurs profile) for all galaxies. The average
difference between this estimation of dynamical mass and
that found when the Se´rsic profile (equation 3) is used is
approximately 0.05 dex towards higher mass.
Some papers claim that the IMF used in the stellar mass
estimation is not universal but instead depends on the veloc-
ity dispersion and mass of galaxies (Cappellari et al. 2012;
Dutton et al. 2013; Bernardi et al. 2018). Since the current
correction methods to the stellar mass found in the litera-
ture use the virial mass or the velocity dispersion, the stellar
mass corrected with such methods will be correlated with our
estimation of virial mass (equation 2). Because of this, we
do not correct our stellar mass by a non-universal IMF. We
have to take this into account in our results and we discuss
it in section 5.
3.3 Density of galaxies
The projected density of galaxies was computed following
the method described in Aguerri et al. (2009). They used the
projected co-moving distance to the Nth nearest neighbour
(dN) of the target galaxy as follows:
ΣN ∼
N
pi(dN)2
, (4)
The nearest neighbours were calculated using two dif-
ferent samples which are defined as follows:
i) Spectroscopic sample. This sample was selected con-
sidering only those galaxies with spectroscopic redshift in a
velocity range of ±1000 km s−1 from the target galaxy and
within a magnitude range of ±2 mag. These two constraints
are similar to those used by Balogh et al. (2004) and allow us
to limit the contamination by background/foreground galax-
ies even if we are working with projected distances.
ii) Photometric sample. This sample was selected con-
sidering only those galaxies with photometric redshifts
within ±0.1 of the target galaxy (see Baldry et al. 2006).
This range approximately corresponds to the typical photo-
metric redshift error in SDSS. We also imposed the magni-
tude limitation of ±2 mag as for the spectroscopic sample.
The photometric sample is expected to be more com-
plete than the spectroscopic one, however, the large uncer-
tainties in the photometric redshifts make this sample more
prone to contamination. Therefore, the density of galaxies
derived from either the spectroscopic or photometric sam-
ple can be considered as a lower or upper limit to the ac-
tual density, respectively. In addition, to account for possible
MNRAS 000, 1–15 (2018)
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Figure 1. Frequency distributions of the logarithmic difference
between dynamical and stellar mass inside re for different samples
considering a Kroupa-IMF stellar mass. Black, blue and red his-
tograms correspond to the total, morphological, and homogeneous
SDSS samples, respectively. The median values (shaded columns)
of log(MVirial/MSun) – log(MStar/MSun) for each of the dis-
tributions are 0.416, 0.421 and 0.391, respectively.
edge effects in our sample, we discard those galaxies with dN
greater than the distance to the edge of the survey, as these
galaxies will have much more uncertain environmental den-
sities.
The density of galaxies was calculated using the third,
fifth, eighth, and tenth nearest neighbours, for both the spec-
troscopic and photometric samples.
3.4 Frequency distribution of the difference
between dynamical and stellar mass
Fig. 1 shows the frequency distributions of the logarith-
mic difference between the dynamical and stellar mass
for different samples considering the Kroupa–IMF stel-
lar mass. Black, blue, and red histograms correspond to
the total–SDSS-sample, morphological–SDSS–sample, and
homogeneous–SDSS–sample, respectively. In this figure we
can see that the maximum of the frequency distribution
of the different samples is found between 0.35 – 0.45 in
log(MVirial/MSun) – log(MStar/MSun). The median val-
ues of log(MVirial/MSun) – log(MStar/MSun) for the to-
tal, morphological and homogeneous sample respectively
are 0.416, 0.421 and 0.391. If we consider the differences
caused by the factor K in the estimation of the dynami-
cal mass (see section 3.2), the previous results are in agree-
ment with those of Nigoche-Netro et al. (2016, see their sec-
tion 5 and table 1). It is important to mention that the
average values reported in table 5 by Nigoche-Netro et al.
(2016) and those found here, have been obtained with-
out considering that the difference between dynamical
and stellar mass depends on mass (Tortora et al. 2012b;
0 0.5 1
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1000
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y
0.2 0.4 0.6 0.8
log(MVirial/MSun) - log(MStar/MSun)
Figure 2. Frequency distribution of the logarithmic difference
between dynamical and stellar mass inside re for the Total-SDSS
sample (Kroupa–IMF stellar mass) at different redshifts. Each
color represents a different redshift range as follows: orange 0.00
6 z 6 0.04, red 0.04 6 z 6 0.08, indigo 0.08 6 z 6 0.12, cyan
0.12 6 z 6 0.16, turquoise 0.16 6 z 6 0.20, green 0.20 6 z 6
0.24 and magenta 0.24 6 z 6 0.28. The median values of the the
difference between log dynamical and stellar mass for each one of
the distributions are 0.388, 0.391, 0.411, 0.427, 0.434, 0.450 and
0.481, respectively.
Cappellari et al. 2013; Nigoche-Netro et al. 2016) and red-
shift (Nigoche-Netro et al. 2016). In the following we will
analyse the above-mentioned dependencies.
A first approximation to the behaviour of the frequency
distribution of log(MVirial/MSun) – log(MStar/MSun) at
different redshifts considering the Kroupa-IMF stellar mass
is shown in Fig. 2. In this figure we have samples in red-
shift intervals of width 0.04, starting at 0.00 6 z 6 0.04
and finishing at 0.24 6 z 6 0.28. The median values of
log(MVirial/MSun) – log(MStar/MSun) for 0.00 6 z 6
0.04 (orange), 0.04 6 z 6 0.08 (red), 0.08 6 z 6 0.12
(indigo), 0.012 6 z 6 0.16 (cyan), 0.16 6 z 6 0.20
(turquoise), 0.20 6 z 6 0.24 (green), and 0.24 6 z 6
0.28 (magenta) are 0.388, 0.391, 0.411, 0.427, 0.434, 0.450,
and 0.481 respectively. In Fig. 2 we can see that the max-
ima of the distribution of samples in different redshift ranges
cover the interval 0.38 - 0.48 of the difference between log
virial and stellar mass. Indeed we can see a mild shift of
the maximum at large redshift, as the maximum is close to
0.4 for nearby galaxies and close to 0.5 for distant galax-
ies. This result seems to be the opposite to that found in
Nigoche-Netro et al. (2016) and by other authors, where
they found that the difference between virial and stellar
mass decreases as a function of redshift. The most plausi-
ble explanation of this apparent contradiction is that the
dependence of log(MVirial/MSun) – log(MStar/MSun) on
mass, reported by different authors, has not been taken into
account in the previous analysis. Therefore, since the differ-
ence between dynamical and stellar mass increases as a func-
MNRAS 000, 1–15 (2018)
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Figure 3. Frequency distribution of the dark matter fraction
(fDM ) inside re of the 55 massive lens ETGs from Posacki et al.
(2015).
tion of mass (Tortora et al. 2012b; Cappellari et al. 2013;
Nigoche-Netro et al. 2016) and considering that the samples
are affected by Malmquist bias (samples at greater redshift
contain only massive galaxies), the maximum of this differ-
ence between masses is shifted at higher redshift. To deal
with this effect, we have to analyse complete samples with
respect to mass. Due to the impossibility of having a com-
plete sample for the entire mass range, we can use relatively
nearby samples containing all the massive galaxies and a
large quantity of less massive galaxies. The samples that
match the above-mentioned characteristics are those in the
redshift range 0.00 6 z 6 0.04 and 0.04 6 z 6 0.08
(homogeneous–SDSS sample). Analysing these two samples
we found that the maxima are located at 0.388 and 0.391,
respectively. However the sample contained in the redshift
range 0.00 6 z 6 0.04 could be affected by streaming mo-
tions, so to avoid this possible bias we will use the result of
the homogeneous–SDSS sample.
Posacki et al. (2015) studied 55 massive lensed ETGs
(10.5 < log(MVirial/MSun) < 11.7) from the Sloan Lens
Advanced Camera for Surveys (SLACS) in the redshift range
0.06 6 z 6 0.36. They found that fDM inside the ef-
fective radius of their ETGs is relatively low. From table
3 of Posacki et al. (2015), the mean fDM is approximately
0.2. The distribution of the DM fraction can be seen in Fig.
3. The maximum of the distribution of dark matter frac-
tion is close to zero. These results appear to be different to
those found here. The difference could be due to systematics
(only massive galaxies, non–homogeneous redshift sample,
low number of galaxies) that may affect Posacki et al. (2015)
sample and also that our stellar mass estimation was calcu-
lated using a universal IMF which may not be appropriate
for the entire range of masses of our samples (see section 5
for more details).
3.5 Distribution of the difference between
dynamical and stellar mass as a function of
density of galaxies considering a Kroupa-IMF
stellar mass
Fig. 4 shows a mosaic of the logarithmic difference between
dynamical and stellar mass as a function of density of galax-
ies for different samples considering only the Kroupa–IMF
stellar mass data. Rows 1–2, 3–4, and 5–6 correspond to
the total, morphological, and homogeneous SDSS samples,
respectively. Rows 1, 3, and 5 are data from the photomet-
ric sample and rows 2, 4, and 6 are data from the spectro-
scopic sample. Columns a, b, c, d are the data considering
the third, fifth, eighth, and tenth nearest neighbours, re-
spectively. From Fig. 4 we can see that the distribution of
galaxies is relatively similar for all samples, indicating that
our results are not dependent on which galaxy sample is
used or which galaxy is considered the nearest neighbour.
We can see that the distribution is not random but rather
has a bell–shape. It is interesting to note that galaxies in
the lowest density region cover the whole range of difference
between virial and stellar mass. This range of the differ-
ence between masses decreases while the density increases.
In all cases we can see that the maximum of the density
distribution is at about 0.35 – 0.45 in log(MVirial/MSun)
– log(MStar/MSun). If we translate these results to linear
values we find that the maximum of the density distribution
has a difference between masses of about 55% - 65% of the
virial mass.
The previous result has been obtained considering the
dependence of the scale factor K on the Se´rsic brightness
profile (n; see equation 3), but if we use K = 5.9 (de Vau-
couleurs profile) for the galaxies in all samples the results are
similar. The most conspicuous difference between these two
procedures is a small shift (approximately 0.05 dex) towards
higher mass difference of the samples using K(n).
The results from Fig. 4 appear to be similar to the re-
sults of the frequency distribution of the different samples
analysed in section 3.4. The maximum of the density distri-
bution as function of the difference between virial and stellar
mass appears to be similar to the maximum of the frequency
distribution of the difference between virial and stellar mass.
This similarity could be due to the fact that there are more
galaxies with the log(MVirial/MSun) – log(MStar/MSun)
close to 0.4, and then the probability that those galaxies are
in dense environments is higher. In Fig. 5 we can see the
behaviour previously described. Each red point represents a
galaxy in the plane log(MVirial/MSun) – log(MStar/MSun)
vs. density of galaxies for the spectroscopic–homogeneous–
SDSS sample considering the tenth nearest neighbour.
The black line represents the frequency distribution of
log(MVirial/MSun) – log(MStar/MSun). We can see that
the maximum of the frequency distribution follows approxi-
mately the maximum of the density distribution.
A different way of making comparisons of structural
properties of galaxies is to make samples with different (en-
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Figure 4. Distribution of the logarithmic difference between dynamical and stellar mass inside re as function of density of galaxies for
different samples of ETGs considering a Kroupa-IMF stellar mass. Rows 1-2, 3-4 and 5-6 correspond to the total, morphological, and
homogeneous SDSS samples, respectively. Rows 1, 3, and 5 are data from the photometric sample. Rows 2, 4 and 6 are data from the
spectroscopic sample. Columns a, b, c, d are the data considering the third, fifth, eight, and tenth nearest neighbours respectively.
MNRAS 000, 1–15 (2018)
8 Nigoche-Netro et al.
Table 1. Mean values of the difference between log(Mvirial/MSun) and log(M∗/MSun) inside re for field, loose groups and compact
groups/clusters considering several samples of galaxies (Kroupa–IMF stellar mass) and different values for the nearest neighbour (see
section 3.3).
Mean logarithmic difference between virial and stellar mass
Field Loose groups Clusters
Total sample
Photometric data
Third nearest neighbour 0.406 0.416 0.410
Fifth nearest neighbour 0.408 0.416 0.417
Eighth nearest neighbour 0.409 0.416 0.411
Tenth nearest neighbour 0.410 0.416 0.425
Spectroscopic data
Third nearest neighbour 0.414 0.420 0.425
Fifth nearest neighbour 0.414 0.420 0.411
Eighth nearest neighbour 0.415 0.419 0.404
Tenth nearest neighbour 0.406 0.417 0.413
Morphological sample
Photometric data
Third nearest neighbour 0.399 0.424 0.434
Fifth nearest neighbour 0.400 0.424 0.410
Eighth nearest neighbour 0.403 0.424 0.417
Tenth nearest neighbour 0.404 0.424 0.439
Spectroscopic data
Third nearest neighbour 0.418 0.427 0.420
Fifth nearest neighbour 0.419 0.428 0.424
Eighth nearest neighbour 0.419 0.429 0.421
Tenth nearest neighbour 0.420 0.428 0.393
Homogeneous sample
Photometric data
Third nearest neighbour 0.383 0.392 0.393
Fifth nearest neighbour 0.387 0.392 0.377
Eighth nearest neighbour 0.387 0.392 0.397
Tenth nearest neighbour 0.388 0.392 0.398
Spectroscopic data
Third nearest neighbour 0.380 0.402 0.410
Fifth nearest neighbour 0.381 0.403 0.387
Eighth nearest neighbour 0.383 0.404 0.409
Tenth nearest neighbour 0.384 0.404 0.382
vironmental) densities, for example, Aguerri et al. (2009)
consider very low-density environments (field) (Σ5 < 1
Mpc−2), loose groups (Σ5 > 1 Mpc
−2) and compact galaxy
groups/clusters (Σ5 ∼ 10 Mpc
−2) to investigate if the envi-
ronment plays a role in the fraction of barred galaxies. Us-
ing these considerations they find that the fraction of barred
galaxies does not depend on the environment.
Following the environmental definition of Aguerri et al.
(2009) we investigate here the possible effects of the environ-
ment on the virial and stellar mass difference inside ETGs.
MNRAS 000, 1–15 (2018)
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Figure 5. Density of galaxies (red) and frequency distribution
(black) of the logarithmic difference between dynamical and stel-
lar mass inside re for the spectroscopic–homogeneous–SDSS sam-
ple (Kroupa–IMF stellar mass) considering the tenth nearest
neighbour.
We calculate the mean values of the logarithmic mass dif-
ference for ΣN < 1 Mpc
−2 (field), ΣN > 1 Mpc
−2 (loose
groups) and 9.9 Mpc−2 < ΣN < 10.1 Mpc
−2 (compact
groups/clusters) where N is the third, fifth, eighth, and tenth
nearest neighbour. In Tab. 1 we show the results for the total,
morphological and homogeneous SDSS samples considering
both the photometric and spectroscopic data (see section
3.3).
From Tab. 1 we can see that the mean value of the mass
difference for the field, loose and compact clusters within
the same sample has a variation less than 0.03 dex which,
considering the associated errors (see section 4), is not sig-
nificant. This result agrees with other papers in the litera-
ture (Tortora et al. 2012b) where they find that there are
no differences in dark matter content inside ETGs due to
the environment. However it appears to be opposed to the
results of the visual inspection of the distribution that was
described in previous paragraphs. The explanation for this
contradiction can be reasoned as follows: the distribution
of galaxies in the log(MVirial/MSun) – log(MStar/MSun)
vs. density plane (see Fig. 4) for all the samples appears to
be symmetric but non-homogeneous (galaxies do not pop-
ulate the plane uniformly), these properties cause that the
distribution inside each one of the areas limited by ΣN < 1
Mpc−2, ΣN > 1 Mpc
−2 and 9.9 Mpc−2 < ΣN < 10.1 Mpc
−2
is also symmetric but non-homogeneous. Given the symme-
try of the distributions, the mean values (and also any other
measure of the central tendency such as median or mode) of
those distributions have to be similar. Therefore, the results
for the mean values for the field, loose, and compact groups
of galaxies must be similar, but this result does not represent
the geometric differences in the distribution that we can see
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Figure 6. Intrinsic dispersion of the density of galaxies distribu-
tion (black dots) as a function of the logarithmic difference be-
tween dynamical and stellar mass (quasi–constant mass) inside re
for the spectroscopic-homogeneous–SDSS sample (Kroupa–IMF
stellar mass) considering the tenth nearest neighbour. The red
continuous line is a second degree polynomial least square fit to
the data.
in each one of the samples due to the non–homogeneous dis-
tribution. To characterize the differences between samples
we have to consider other parameters to make comparisons.
One parameter that can give us appropriate results is the in-
trinsic dispersion of the distribution because this parameter
can characterize the shape of this distribution. This result
is similar to that found in Nigoche-Netro et al. (2010) and
named the “geometrical effect”, where it was shown that a
good parameter to analyze structural properties of galaxies
is the intrinsic dispersion of the distribution of galaxies on
the plane that involves the parameters of interest. In this
paper we define the intrinsic dispersion as the standard de-
viation of the density of galaxies at quasi-constant mass dif-
ference and/or the standard deviation of the mass difference
at quasi-constant density of galaxies.
Due to the similarity of the distribution of
log(MVirial/MSun) – log(MStar/MSun) as a function
of the density of galaxies for the photometric and spectro-
scopic samples which consider different nearest neighbours,
and to diminish biases due to incompleteness of the total and
morphological SDSS samples, from here onwards we only
show the analysis for the spectroscopic–homogeneous–SDSS
sample considering the tenth nearest neighbour.
In subsequent paragraphs we use the intrinsic disper-
sion method to analyze the density distribution for the
spectroscopic–homogeneous-SDSS sample considering the
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Figure 7. Intrinsic dispersion of the logarithmic difference be-
tween dynamical and stellar mass (black dots) inside re as
function of density of galaxies (quasi-constant density) for the
spectroscopic–homogeneous–SDSS sample (Kroupa–IMF stellar
mass) considering the tenth nearest neighbour. The red contin-
uous line is a first degree polynomial least square fit to the data.
tenth nearest neighbour. The term quasi-constant mass in
this context means mass intervals in the logarithm of width
equal to 0.05 dex. The term quasi-constant density means
density intervals of width equal to 2 gal Mpc−2.
In Fig. 6 we show the intrinsic dispersion of the den-
sity of galaxies at quasi-constant log(MVirial/MSun) –
log(MStar/MSun) (black dots). The red continuous line is a
second degree polynomial least square fit to the data. The
equation of the fit is as follows:
σΣ10 = −13.3X
2 + 11.2X + 2.5, (5)
where σΣ10 is the intrinsic dispersion of the density of
galaxies considering the tenth nearest neighbour and X =
log(MVirial/MSun) – log(MStar/MSun).
From this fit we obtain that the maximum density
corresponds to approximately 0.4 in log(MVirial/MSun) –
log(MStar/MSun). Using linear values we find that the max-
imum of the density distribution corresponds to a mass dif-
ference of approximately 60% of the virial mass.
In Fig. 7 we show the intrinsic dispersion of the
log(MVirial/MSun) – log(MStar/MSun) at quasi-constant
density of galaxies (black dots). The red continuous line is
a first degree polynomial least square fit to the data. The
equation of the fit is as follows:
σM = −0.0024Σ10 + 0.180, (6)
where σM is the intrinsic dispersion of
log(MVirial/MSun) – log(MStar/MSun) and Σ10 is
the density of galaxies considering the tenth nearest
neighbour.
If we consider that the difference between virial and
stellar mass is due to dark matter and/or a non-universal
IMF, we can say that ETGs in the lowest density regions
have the widest dark matter range. This range of dark matter
content decreases while the density increases (see Fig. 7).
The amount of dark matter inside ETGs in the most dense
environments and in the redshift range 0.0024 6 z 6 0.35
would be 55% - 65% of the virial mass. In the case of the
homogeneous-SDSS sample (0.04 6 z 6 0.08) the amount
of dark matter in dense environments would be less than
approximately 60% of the virial mass.
It is important to mention that the previously discussed
results were found using the Kroupa–IMF stellar mass, how-
ever we have found similar results for the de Vaucouleurs
Salpeter–IMF and Se´rsic Salpeter–IMF samples. In table 2
we show the mean values of the difference between virial
and stellar mass (<log(Mvirial/MSun) – log(M∗/MSun) >)
and their intrinsic dispersion (σM ) for the total, morpholog-
ical and homogeneous samples considering both Kroupa and
Salpeter IMF and both de Vaucouleurs and Se´rsic brightness
profiles. The analysis of the de Vaucouleurs Salpeter-IMF
and the Se´rsic Salpeter–IMF samples shows that the distri-
bution of galaxies is similar to that found for the Kroupa–
IMF samples. This finding indicates that our results are ap-
proximately independent not only of the nearest neighbour,
but also of the IMF and the brightness profile. There are two
differences between the Kroupa and Salpeter IMF samples
that do not change our general findings (see Tab 2). The first
one is that the average DM dispersion of the Se´rsic-Salpeter-
IMF samples (σM ∼ 0.12) is less than the dispersion of the
Kroupa IMF (σM ∼ 0.16) and the de Vaucouleurs–Salpeter
IMF (σM ∼ 0.16) samples. This finding agrees with the one
obtained by Taylor et al. (2010) that find that the dynamical
and stellar masses correlate best when the structure of the
galaxy is taken into account. The second difference is that
there is a small shift (approximately 10%) towards higher
amounts of dark matter for the Salpeter IMF samples with
respect to the Kroupa samples. Taking into account this shift
due to the IMF, our final results indicate that the amount of
DM inside ETGs in the most dense environments and in the
redshift range 0.0024 6 z 6 0.35 would be 55% - 75% of
the dynamical mass. However, the accurate value depends
on the impact of the IMF on the stellar mass estimation.
Therefore, this result would be an upper limit for the DM
because we have to take into account that the IMF depends
on mass. The real value of the DM inside ETGs in dense en-
vironments would be less than 55% - 75% of the virial mass.
In the case of the less biased and most complete sample in
mass –the homogeneous–SDSS sample (0.04 6 z 6 0.08)–
we can say that the amount of DM in dense environments
would be less than approximately 60% - 65% of the virial
mass.
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Here it is interesting to note that previous results indi-
cate a small shift towards higher dark matter for the Salpeter
IMF samples with respect to the Kroupa IMF samples, how-
ever in the literature we can find that the Salpeter IMF gives
50% more stellar mass than the Kroupa IMF. This appar-
ent contradiction can be explained considering that in this
work a “diet” Salpeter IMF was used, this “diet” Salpeter
IMF produces 30 percent less stellar mass than a normal
Salpeter IMF (Bell et al. 2003). Taking this point into ac-
count, the small shift of the DM calculated using a “diet”
Salpeter IMF is not significant and this DM amount agrees,
within the errors, with that obtained with a Kroupa IMF.
4 SYSTEMATICS
There are some systematic uncertainties that have to be
taken into account in our mass estimation. In the follow-
ing we show the uncertainties associated with the different
variables and the final error in our DM estimation.
To calculate the de Vaucouleurs Salpeter-IMF stellar
mass we used the model–parametric photometric informa-
tion, as well as its associated errors, from the SDSS-DR9
(Nigoche-Netro et al. 2015). The Se´rsic Salpeter–IMF stel-
lar mass were obtained using the Petrosian magnitude and
Petrosian radius and their associated errors from the SDSS-
DR9 (Nigoche-Netro et al. 2015). The Kroupa–IMF stellar
mass were obtained using the model–parametric photomet-
ric information, as well as its associated errors, from the
SDSS-DR9 (Kauffmann et al. 2003). In the case of the virial
mass, besides the effective radius, the velocity dispersion is
required, which was calculated inside the radius subtended
by the SDSS fibre and corrected to an aperture independent
of both the distance and instrument used for the observa-
tions. All the above parameters were corrected for various
sources of bias (see section 2) and the errors were obtained
considering the rules of error propagation. The errors of the
photometric and spectroscopic parameters from the SDSS–
DR9 are the same we have used in previous papers, for
full details see Nigoche-Netro et al. (2015). However, taking
into account different sources of systematics, several papers
from the literature (Emsellem et al. 2004; Chen et al. 2010;
Cappellari et al. 2012, 2013) show that the errors from the
SDSS–DR9 may be underestimated. Considering the above-
mentioned studies, in this work we adopt the following mean
errors: 0.1 mag, 10%, and 5% for the magnitude, effective
radius, and velocity dispersion, respectively. Taking into ac-
count this information the mean uncertainties for the stellar
and virial mass are approximately 15% and 12%, respec-
tively.
In addition in this paper we have considered that the
scale factor K in the virial relation (see equation 2) de-
pends only on the surface-brightness profile and that the
DM follows the same density profile as the stellar compo-
nent which, according to some authors (Ciotti et al. 1996;
Koopmans et al. 2006; Thomas et al. 2011; Tortora et al.
2012b, 2018), is not appropriate for compact and massive
galaxies, respectively. Following Tortora et al. (2012b, 2018)
we find that the above-mentioned considerations lead to an
error on dark matter up to 7% and 20%, respectively. The er-
ror in the scale factor K includes and error of approximately
4% for the Se´rsic n index.
We also have to consider that the velocity dispersion of
the ETGs is not necessarily isotropic and that these galax-
ies could have different degrees of rotation. Using cosmolog-
ical hydrodynamical simulations of the local group of galax-
ies, Campbell et al. (2017) find that the dynamical mass ob-
tained with estimators such as equation 2 of this paper (see
equation 18 of Campbell et al. 2017 for comparison), with-
out considering that different environment, shape, rotation
and/or velocity dispersion anisotropies, could render it pos-
sible to recover the masses of dispersion-dominated systems
with little systematic bias but with a scatter of 20% approx-
imately.
If we consider all this information the final uncertainty
on the DM estimation increases approximately to 34%.
5 DISCUSSION
Over the last few years, different authors have studied the
dependence of the dynamical and stellar mass inside the ef-
fective radius of ETGs on several variables such as dynami-
cal (or stellar) mass and redshift. The vast majority of these
studies show that log(MVirial/MSun) – log(MStar/MSun)
increases with galaxy mass and decreases with redshift. The
origin of this trend remains controversial. It is still under
debate whether this phenomenon is driven by DM and/or a
non-universal IMF (Dutton et al. 2013; Thomas et al. 2011;
Wegner et al. 2012; Conroy et al. 2013; Nigoche-Netro et al.
2016). The above-mentioned results are important but do
not cover all the variables that can affect the difference be-
tween dynamical and stellar mass. There are other vari-
ables (e. g., environment) that it is necessary to analyse
to have a complete picture of the above-mentioned ratio.
However, there are only a few works in the literature where
these variables are investigated. This paper is devoted to the
study of one of these variables; the environment. To analyse
log(MVirial/MSun) – log(MStar/MSun) as function of the
environment, we have considered the density of galaxies us-
ing the definition of the nearest neighbour and different con-
siderations to avoid, as far as possible, systematic biases (see
section 3.3). Our results show that the difference between dy-
namical and stellar mass depends on density and that the
ETGs in low density environments span a wider range than
ETGs in dense environments. We also find that the differ-
ence between dynamical and stellar mass inside ETGs in the
most dense environments is approximately 55% - 75% of the
dynamical mass. These results are interesting and have to
be interpreted considering the source of biases and system-
atics that are affecting our mass estimations. The above-
mentioned systematics indicate that our difference between
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Table 2. Mean values of the difference between virial and stellar mass (<log(Mvirial/MSun) – log(M∗/MSun) >) and their intrinsic
dispersion (σM ) for the total, morphological and homogeneous samples considering different IMF (Kroupa, Salpeter) and different
brightness profiles (de Vaucouleurs, Se´rsic).
<log(Mvirial/MSun) - log(M∗/MSun) > σM
Total sample
Kroupa IMF 0.416 0.158 ± 0.118
de Vaucouleurs Salpeter-IMF 0.493 0.155 ± 0.115
Se´rsic Salpeter-IMF 0.484 0.113 ± 0.084
Morphological sample
Kroupa IMF 0.421 0.151 ± 0.113
de Vaucouleurs Salpeter-IMF 0.486 0.145 ± 0.108
Se´rsic Salpeter-IMF 0.461 0.116 ± 0.084
Homogeneous sample
Kroupa IMF 0.391 0.165 ± 0.123
de Vaucouleurs Salpeter-IMF 0.504 0.162 ± 0.121
Se´rsic Salpeter-IMF 0.486 0.117 ± 0.087
dynamical and stellar mass has an error of up to 34% (see
section 4). We also have to consider that this difference be-
tween dynamical and stellar mass could originate due to DM
and/or variations of the IMF of early type systems, being
55% - 75% of the dynamical mass an approximate upper
limit for the amount of DM, the accurate value depends on
the impact of the IMF on the stellar mass estimation.
The above-mentioned results can be compared with
other results from the literature, however there is only one
paper with which this comparison can be done directly.
Tortora et al. (2012b) performed an analysis of the amount
of DM inside re in ETGs, they used approximately 4500
ETGs from the SDSS and supplemented their data with
Y JHK photometry from the DR2 of the UKIDSS-Large
Area Survey. They found that the central DM content of
ETGs did not depend significantly on the environment where
galaxies resided, with group and field ETGs having similar
DM trends. This result agrees with the result found in sec-
tion 3 of this paper where it is shown that if we consider
low and high density environments the amount of DM in-
side ETGs appears to be similar. However, it is an artifact.
As was also discussed in section 3, this similarity is due to
the way in which the comparison is done (geometrical ef-
fect). The distribution of DM as a function of density has a
high intrinsic dispersion and to obtain good results it is nec-
essary to analyse this intrinsic dispersion at quasi-constant
density and/or DM. When this kind of analysis is done we
find that ETGs in low density environments span a wider
DM range than ETGs in dense environments and that the
DM inside ETGs in the most dense environments is less than
approximately 55% - 75% of the dynamical mass as men-
tioned above. On the other hand Corsini et al. (2017) find
that ETGs in low density environments have a lower con-
tent of halo DM with respect to ETGs in high density en-
vironments. If we consider that the behaviour of the DM in
the central part of the halo (re) is similar to the behaviour
of the DM in the entire halo of the ETGs, the results of
Corsini et al. (2017) agree with our results. Therefore, there
are galaxies in low density environment that have less DM
than galaxies in high density environments as shown in Fig.
4.
Here it is important to mention that a recent paper from
the literature (Campbell et al. 2017), using cosmological hy-
drodynamical simulations of the local group of galaxies, find
that the dynamical masses calculated with estimators such
as equation 2 do not show significant differences, on average,
due to the environment where the galaxies reside. The only
difference that they find is that field galaxies show bigger
scatter (approximately 5%, see figure 12 of Campbell et al.
2017) in the dynamical mass estimation than galaxies in
denser environments. They find that this behaviour may be
related to the fact that, on average, the galaxies in denser
environments are closer to spherical symmetry than those in
the field, they also show hints that galaxies in denser envi-
ronments tend to be more strongly supported by dispersion
and tend to have stellar velocity dispersions that are closer
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to isotropic, compared with field galaxies. The scatter, due
to environment, on the virial mass estimation obtained with
equation 2 is small compared with the average scatter of
the dark matter found in this work (σM ∼ 30%). Besides,
if they consider other sources of bias such as shape, rota-
tion and velocity dispersion anisotropies the total scatter on
dynamical mass due to the estimator is approximately 20%.
This total scatter is significantly smaller than the scatter on
DM found in this work, so the scatter due to the dynamical
mass estimator cannot entirely explain our findings.
Considering these results, it is necessary to undertake
better and more thorough studies improving all possible
sources of bias and systematics behind the behaviour of dif-
ferences between dynamical and stellar mass. It is also im-
portant to analyse the behaviour of the difference between
dynamical and stellar mass in a wide range of wavelengths.
We shall address all these issues in a forthcoming paper.
6 CONCLUSIONS
The analysis of the distribution of log(MVirial/MSun) –
log(MStar/MSun) vs. density of galaxies for several samples
of ETGs from the SDSS-DR9 in the redshift range 0.0024
6 z 6 0.35 and considering that this difference is due to
DM and/or a non-universal IMF, has yielded the following
results:
i) The DM as a function of the environment does not
have a homogeneous distribution.
ii) The amount of DM inside ETGs depends on the en-
vironment.
iii) ETGs in low density environments span a wider DM
range than ETGs in dense environments.
iv) The amount of DM inside ETGs in the most dense
environments and in the redshift range 0.0024 6 z 6 0.35
is approximately 55% - 75% of the dynamical mass
v) This amount of DM is an upper limit, the accurate
value depends on the impact of the IMF on the stellar mass
estimation.
vi) In the case of the less biased and more complete
(in mass) ETGs sample -the homogeneous sample (0.04 6
z 6 0.08)- we can say that the amount of DM in dense
environments will be less than approximately 60% - 65% of
the dynamical mass.
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